In the plasma sheath a narrow plasma channel generated by ultraintense laser pulses is simplified as a special cylindrical and hollow plasma waveguide with the infinite thickness of the plasma cladding. The electromagnetic wave (EM) propagation properties of the plasma channel near the cutoff and far from the cutoff are considered. Theoretical analysis shows that TE0m and TM0m and hybrid modes emerge in the plasma channel, which is influenced by the normalized frequency parameter B and numerical aperture N A. The cutoffs of the various modes are approximated. Single-mode operation is possible without a high-frequency limitation in the channel.
Introduction
In recent years, the problem of communication through the plasma sheath in reentry has been intensively studied. With the development of modern laser technology, laser power and efficiency have been increased, and its volume has become smaller and smaller. Consequently, it is possible for laser to solve the technical problem of a "blackout" phenomenon in radar recovering. High-intensity, long-duration laser pulses can create a completely evacuated channel in an underdense plasma [1∼8] . In this paper, we consider mainly the propagation of EM wave in a preformed narrow plasma channel. The stable channel can serve approximately as a cylindrical plasma waveguide. From previous studies [4∼8] , the radius of the plasma sheath is far greater than that of the plasma channel (a 1 >> a) as shown in Fig. 1 . The plasma waveguide consists of a vacuum core in the middle. The dielectric constant of the vacuum and plasma are supposed to be ε 0 and ε p , respectively. The radius of the vacuum core surrounded by the cladding of a plasma is a. Both regions are assumed to be perfect insulators with free-space magnetic permeability.
For the case of an isotropic and low-density plasma, ignoring the effect of collisions, permeability is equal to that of the neutral gas, conductivity is small and the following formula for the permittivity ε p of the plasma is sufficiently accurate [9] :
where ε 0 is the permittivity of free space. The plasma frequency can be calculated by
It is found that the permittivity of the plasma is frequency-dependent. Therefore, we can conclude that the analysis of the channel is different from the conventional dielectric waveguide in several important respects. Attention needs to be paid to what will happen in the core. The analysis shows that, like a general dielectric waveguide, the guided-mode fields do exist inside the core.
Characteristic equation for the cylindrical plasma channel
The EM field can be expressed in terms of two Hertz potentials Π m and Π e
Because of the symmetry of the plasma channel, the Hertz potentials can be rewritten as Π m = Π m e z and Π e = Π e e z . Therefore, the general solutions for the Hertz potentials in the two regions are [10, 11] 
where At the boundary r = a, the tangential components of both E and H should be continuous. This leads to the following equations,
Because of the nonzero solutions for a e,m n and d e,m n whose determinant must be equal to zero.
This leads to the following characteristic equation:
where
We define the new quantities k d and B by
where B is the normalized frequency parameter and N A is the numerical aperture. From Eq. (1) and Eq. (19) above, we can obtain
where N A is changed with ω and B is a constant. However, the permittivity is constant for the dielectric waveguide so that B is proportional to the frequency and N A is constant.
Mode designations and cutoff conditions 3.1 Mode designations
For a guided mode, the EM wave should not only be a traveling wave in the axial z direction but also exponentially decaying in the radial direction. Thus, γ and k d should be a real number and a purely imaginary number, respectively. These lead to the restriction by JK(k c ; B; N A)
We now look for the electromagnetic wave propagation properties from Eq. (24) for two cases.
a. n = 0, we obtain
This equation can be separated into two equations b. n = 0 In the plasma waveguide, the cylindrically symmetric n = 0 modes are either transverse electric TE 0m or transverse magnetic TE 0m . Because they have nonzero values for both E Z and H Z , n = 0 modes are hybrid.
Foe N A = 0 (ω >> ω p ),
Eq. (28) can be separated into two equations
Substituting the recursion relations of the Bessel functions into Eq. (29), we obtain
Eq. (30) and Eq. (31) are respectively the eigenvalue equation of the EH nm modes and that of the HE nm modes [13, 14] .
into Eq. (17), we acquire a quadratic equation. Thus, its general solutions are
For N A = 0, Eq. (32) and Eq. (33) stand for the EH nm and HE nm modes, respectively. Thus, the eigenvalue equation for the two kinds of modes are
Cutoff conditions
The cutoffs for the various modes are found in the limit of k c → B(y → 0). The cutoff conditions of all the modes will be presented below.
When y is small, Eq. (26) and Eq. (27) become
For the TE 0m modes, when y → 0, the cutoff condition is equivalent to J 0 (k c ) = 0. It is the same condition as the dielectric waveguide refers to [15] .
When y → 0, the cutoff condition of the TM 0m , HE nm and EH nm modes can be rewritten as
(38) Combining Eq. (31) with (35), and also Eq. (30) with (34), we can obtain Eq. (39) and Eq. (40). Here, N A is variable, which has an effect on the cutoffs for the various modes (except TE 0m ). Fig. 2 shows the cutoff frequencies of TM 01 , TE 01 , HE 11 and HE 21 at different values of N A. It indicates that the cutoff frequencies have a small change at the condition 0 ≤ N A < 1 and a greater change at the condition N A = 1. Thus, the value of the cutoff frequency at N A = 0 can take the place of it at 0 ≤ N A < 1. However, the cutoff frequency of the EH 11 mode is approximately independent of N A. 
4 Dispersion characteristic and single-mode conditions
If there are no TEM modes in the plasma channel, there must exist a dispersion characteristic. For different modes, the relationship between B and ξ = (k c /B) is shown in Figs. 3∼6. Fig. 3 and Fig. 4 give the normalized eigenvalue ξ as a function of B for the TE 01 and TM 01 modes. It indicates how N A and B influence the TM 0m modes and the eigenvalue k c is more sensitive to B than to N A. However, k c is only dependent on B for the TE 0m modes. Fig. 5 and Fig. 6 prove that N A and B both influence the hybrid modes and the eigenvalue k c is also more sensitive to B than to N A. However, from Fig. 6 , k c is approximately independent of N A.
In order to avoid dispersion and interference between different modes, a single-mode signal should be first chosen in EM wave transmission in the plasma channel. From Fig. 2 , we can see that only the HE 11 mode operation could be realized by
In the dielectric waveguide, only the HE 11 mode operation can also be realized by
where B 0 is constant. Since B is frequency-dependent from Eq. (19), there is a high frequency limitation for the single mode signal, viz.,
For 0 ≤ N A < 1, from Eq. (20), the EM wave frequency varies from the plasma frequency to infinity. Therefore, from Fig. 2 , single mode operation is feasible with no such high-frequency limitation in the plasma channel.
Concluding remarks
In summary, the following results have been obtained. In the narrow plasma channel, the signal can be transmitted effectively. All the modes must be decided by the normalized frequency parameter B and numerical aperture N A which are different from those of the dielectric waveguide. When the plasma permittivity is nonnegative (0 ≤ N A ≤ 1), all modes have effective transmission. Furthermore, the cutoffs of different modes are approximated, so it is clear that the single mode (HE 11 ) signal can exist in the channel without a high-frequency limitation. For the plasma channel, if the plasma permittivity is negative or there is a thin plasma in the channel, there is still a lot of work to do in the future.
